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Abstract

The paper presents a dynamic programming mode with multiple classes of capitd goods
to explain capita expenditures on existing plants over their lives. The empirica
gpecification shows that the path of capitd expendituresis explained by ()
complementarities between old and new capital goods, (b) the age of plants, () an index
that captures the rate of technical change and (d) the labor intensiveness of a plant when
it isnewly born. The modd istested with Census data for roughly 6,000 manufacturing
plants that were born after 1972.
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TheLife Cyclesof Industrial Plants

In the beginning, S0 Genesis tells us, God created the heaven and the earth. And
the earth was without form. Unlike the earth, new industrid plants are not, initialy,
without form, but that form appears to be highly malleable over time. This contrastswith
the familiar putty-clay mode that assumes grest flexibility in the choice of inputs before
aplant isbuilt, and virtudly no choice after itsinitid congruction. It therefore assumes
that plants are built in asngle act of creation. The world of plant investment isvery
different from this. For manufacturing plants for which there is a continuous record for
more than twenty years, more than two thirds of the cumulative outlays for plant and
equipment over the twenty years occurs after the first three years of the plant’slife. And
even for plants for which there isarecord for only ten years, roughly haf of the
cumulative investment over ten years takes place after the first three years of life!

We know, moreover, that there is congderable bunching of investment outlays
over time at the plant level. Following anew plant’ sinitia congtruction, the first peek in
investment on the average occurs as early as the sixth year, and the second peek in the
ninth year. Snce the average life of manufacturing equipment (as estimated by the
Bureau of Economic Analysis®), which reflects the effects of obsolescence aswell as
wear and tear, is generdly much longer, it is obvious that the afore-mentioned investment

does not arise from the need to replace worn out equipment. Indeed, the investment

1 Thisis based on Census data on the investment histories of roughly 6,000 new manufacturing plantsin
the period after 1973.

2 U.S. Bureau of Economic Analysis, “Methodology, Fixed Reproducible Tangible Wealth in the United
States, 1925-94,” http://www.bea.doc.gov/bea/mp.htm, M27-33.



cydesinthefirg 15-20 years of aplant’ s life encompass not only equipment but also
investment in structures, for which service lives exceed thirty years.

Why do firms choose to add capitd to old plants, or replace the equipment of old
plantsthat is physicdly Hill functiond, rather than investing in completely new
production facilities. Surely the choice of capital goodsisless condrained in anew than
inan old plant. If replacement of equipment is justified because technica change renders
new equipment more efficient, is not the flexibility of such choice greater when it is not
congtrained by the requirement of compatibility with old assets?

There are three reasons why investment in old plantsis chosen. (a) New assets do
not operate independently of old assets but interact with them. Consequently, relatively
amall additions or replacements can often greetly augment the output of the combination
of old and new assets.® (b) Assets obsolesce a very different rates rendering partia
replacement for obsolescence a cost-effective option. (€) Initid investments in asssts are
seldom perfectly balanced. Incrementa capacity costs very little for some assetsand a
great dedl for others* Consequently, there is usualy spare capacity in some assets to
accommodate later additions to others.

Mants, however, do not have infinite lives. Technical change leads to progressive
obsolescence of old assets. While one consegquence of obsolescence isthe creation of
opportunities for replacing old with more efficient new assets, the adaptability of old to
new assets steadily declines. Hence over the long-run new investment on an old plant will

gradually decline as a plant ages and technica change continues leading to the eventua

3 . A dramatic example of thisisthe addition of high pressure pumps to il refineries which greatly raises
the throughput of refineries.

4 . For example, ducts for wiring usually provide at little additional cost spare capacity for later additionsto
wiring.



death of the plant. But the pattern of investment on old plants is quite complex, and for a
more precise explanation, we turn to our forma moddl.

Section 1 presents our forma model. Section 2 describes the data and the
observed investment patterns. Section 3 presents the estimates for the empirica
gpecification of our modd. Section 4 concludes with some brief observations of the
implications of our results for the comparative analys's of economic growth and for

studies of entry barriers.

1. Formal Model

The literature on capital investment has taken one of two directions with respect
to adjustment costs of capita stocks: the convex and the nonconvex adjustment cost
models. The standard neoclassical theory of investment with convex adjustment codts, as
reflected in Lucas (1967) and Gould (1968), implies agradud and smooth expansion of
capital stock to thedesired level.  As, however, Hayashi (1982) made clear, investment
behavior with convex adjustment costs is not sufficient to explain spikes and lumpiness
ininvestment. Modds of investment behavior have, therefore, increasingly relied on the
assumption of non-convexity. This, for example, is reflected in Rothschild (1971) and
Bertola and Caballero (1990). Therelevant literatureis reviewed in Pindyck (1991)
while Cooper, Hatiwanger and Power (1999) generate an empirical model to explain
pikes in investment at the macroeconomic level, and Doms and Dunne (1994) at the
microeconomic plant leve, in both cases based on the assumption of non-convexity.

However, naither the assumption of convexity nor of non-convexity by itsalf

adequately explains both the observed spikes in investment behavior and the continuing



process of partia subgtitution of new for older capital goods in response to technical
change. To do so requires abandoning the congtruct of asingle, homogeneous capita
stock.

Boddy and Gort (1971) pointed to some implications of nor-homogeneity by
showing systemaitic differences between new and older plantsin the ratio of capital
outlays on structures to total capital expenditures, while Feldstein and Rothschild (1974)
showed how changing the assumptions of homogeneous capita and geometric decay can
produce lumpy investment patterns. The most direct foundation for this paper, however,
is Jovanovic and Stolyarov (2000) who introduce amodd with two capitd goods:
Structures and equipment or, dternaively, old capita and new capitd. Within the
context of complementary goods, they incorporate non-convex costs of quality
adjustment to explain spikesin investment.

With this as a garting point, we develop a dynamic optimization mode with n
types of capital goods. These are assumed to be complementary both across capita
goods of different age and of different type. We aso distinguish the processwith n
types of capita goods, between capacity additions and outlays on replacement. The
mode is then tested with data at the plant leve. In brief, we find support for (a) the
assumption of complementarity between old and new capitd goods and (b) the
conclusion that a combination of both convex and nortconvex adjustment cost processes
is needed to explain the observed phenomena.

Condder the optimization problem of aplant acting to maximize discounted life-

time net profits
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where b1 (0,1) denotesthe discount rate, p, profitsand C, the cost of purchasing
investment goods at time t. The plant production function at any point in time conssts,

as arguments, of avector of n types of cgpitd goods plus avector of dl other m types of
inputs necessary for production. Let Y, = F(K,,X,,T,) bethe homothetic plant

production functior® where T, denotes an exogenoudy given industry rate of technical
change, K, = (K, K,....,K,,), avector of capital goods, and X, = (X;;, Xy ..., Xy ), @
vector of dl other inputs. Then, assuming a constant output price for the plant, the profit

of the plant iswritten as

(2) pt:PtF(Kt’Xt’Tt)_ é.thth’

i=1
where R, denotes the output priceand w;, istheprice of input X, atimet. The plant

may add to existing capital goods or replace old with new ones, so that the cost function

of each investment is written as

(3) Ci = (1' qit)% Iit+12 + i pitKit ’

where q,, ={0} with p, b and | denoting, respectively, the price of the replacement
investment, the price of the added investment and the amount of added investment in
capital good i . Wheninvestment is added to old capital good i, g, =0 and when capita
good i isreplaced, g,, =1. Thatis c,, = p,,K,, if capitd good h isreplaced and

Bia

C, = ...~ if investment is added to the old capital good i . This assumes that the cost

° . For example, we can think of a homothetic plant productionfunction such that



of adding to old capital goodsis an increasing and convex function of | .

Notwithstanding this, for reasons specified later, some lumpiness of investment isto be

expected.
For the accumulation of capital goods, it is assumed that capital goods obsolesce

at different rates and that each capital good's rate of obsolescence is afunction of itsrate
of technical change. Let d, = d(T,,) bethe rate of obsolescence specific to technology
index T,, of each capital good a time t. New capital good h interacts with old capitdl
good i but less efficiently then if capital good i were new. For this reason, technical
changein capita good h leads to obsolescencein capita good i .

Let g, = q(T;,) bethequdity index of input i specific to technology index T, at
time t. The quality of each capital good increases with technica change. Therefore, the

accumulation of each capita good evolves asfollows

| (1 d(Tlt)) K|t |t+l . — \I,O
’ I qit — 1.0
CUBL il

@)  Ki=G(Ki i) =
where 11d(T, ) / T, >0 and fiq(T,,)/1T;, >O0.

The plant maximizes (1) with p and C =Sc, defined by (2) and (3), respectively,
subject to (4). The dynamic programming problem for thisanalysswhere K , isavector

of date variables stisfies the following functiona equation:

G V(K =ma{V' (K],

a/m

U j=

OXJt j ,wherer <1 and a a;

F(Ke X ) = Ty aK



where V'((K ,) denotes avector of al 2" possible vaue functions with combinations of

replaced and added investments. When added investments (capacity additions) for all

capita goods are consdered, the dynamic programming problemiis

1 18 U
(6a) VA(Kt) = nmax n 1pt(Kt’Xt’Tt)- Eé Qt+l|it+12+bV(Kt+l)g’

{xn}j:l' litsafi=1 ] i=1
subject to K ,,; = ((1- d(T,))Ky + 1yreen - d(T))K,, +1,.,) . Theoptimal added
investment to each old capitd good is

1 é H, U
b i

| I -
(7) it+1 b[l- d(Tlt)qu]e thit ﬂKitu

where H, =H (K ,,w,,T,) ®. Thisfunctionimpliesthat the added investment of each
capital good depends not only on the initia amount of that capita good but aso on the
initid amount of dl other capita goods. As a plant ages, this optima added investment to
old capital goods has the properties: I,/ Mt <0 and 11, 9T,., < 0. That is, investment
that adds to the stock of each capital good i (capacity additions) is positive with a
decreasing rate over time so that, absent replacement investment, total investment
eventualy goesto zero.

We have thusfar presented amodd for capacity additions that rdieson
assumptions of convexity in costs. We noted earlier, however, that investment in new
plants normally consists of complementary capital goods that are not perfectly baanced

in terms of their capacity. Since capita goods vary greetly in cost, some unevennessin

& . With a homothetic production function given by footnote 5, it becomes

é .
& M J =



outlays will follow from the non-concurrent exhaustion of capacity for less and more
expendve capital goods. Thus one cannot infer a smooth adjustment process even for
capacity additions. However, the lumpiness that arises from the non-synchronous
exhaustion of cgpacity need not coincide with lumpiness produced by the process of
replacement of old capital goods unless scale economiesin capital outlays render it
efficient to combine additions and replacement.

When replacement investments for al capital goods are considered, the dynamic

programming problem is

i Iy V]
(6b) V(K= max ip(K,X.T)- a mem+bV(Kt+1)[v),

subject to K ,,; = (q(T,, )Ky, .., a(T, )K,) - Thereplaced investment of capitdl good h
will be chosen, given dl the other capital goods if V™"(K,) >V A(K ,) wherethe
superscript " Rh " denotes the choice of replaced investment of capitd good h. This

option isdefined as

] 14 u
(60) VRh(Kt) = m max ipt(Kt’Xt’-E)_ Ea b||it+1 - thht +bV(K-ht+1'qhtKht)g

{ jt}jgl’litﬂilh' ht | ith
where K ,,,, denotes avector of capital stocks for dl capital goods without replacement

except for capital good h. The vaue function given by (6¢) yields

Rh Rh Rh Rh
VKD o VKD o VKD g VK
ﬂph ﬂTt ﬂTht 1-[Tlt

8 <Oforhtl.

This shows that the higher the price of the replaced capital good and the higher the rate of

technical change of the non-replaced capital goods, the lower is V™" (K , ) . However,



V(K ,) increases with indutry rate of technical change and the rate of technical

change of the replaced capital good.
Assuming a congtant rate of technica change of each capitd good over time, the
quality of the new relative to the old capital good depends on the number of elapsed

periods aswdl as onitsrate of technica change. That is, cumulative technical change
increases with plant age and the likelihood that V **(K ,) >V #(K ,) increases as a plant

ages. Thus, while capacity additions to old plants generdly decline over time,
replacement capita outlays follow a more complex pattern. As can be seen from equation
(8), assuming a congtant rate of growth in demand and a congtant rate of technica change
over time, more expensive capital goods will be replaced later Snce alarger cumulative
change in technology is required to judtify replacement. On this point, our andys's
follows closdly that of Jovanovic and Stolyarov (2000).

The replacement activity yields burdts of investment with bunching of
replacement outlays. This, in turn, produces investment cycles with intervas of risng and
fdling investment. Hence, even if there were no non-convexitiesin costs for capacity
additions, the replacement component of total investment is sufficient to produce cycles
in investment activity. Ultimately, however, the increasing non-compatibility between
old assets acquired when the plant was born and new assets affect replacement asit does
additions to capacity. Thus, as a plant ages, replacement invesment will ultimately trend
downwards. The higher the rate of technica change, the shorter will be the duration of
the cycle since replacement of more expensive capital goods will be justified sooner. And
the higher the rate of technical change, the steeper will be the long-term downward

trgectory of investment outlays on old plants.



The modd of investment outlays we have presented is derived from a production
function that deviates in an important respect from conventiona production functions.
Specificdly, old capita and new capitd enter as separate but complementary inputs.
Thus in assessing the optimd leve of investment, complementarities between old and
new capital need to be consdered much as complementarities between physica and
human capitd. While our analysis focuses on the microeconomic pattern of investment at
the plant levd, it hasimplications for macroeconomic modds and for the andysis of

investment across economies — a subject on which we briefly comment later.

2. Data and Observed Petterns of Invesment

Our data are drawn from the U.S. Census Bureau' s Longitudina Research
Database for manufacturing plants. We selected plants that were coded as new in the
period 1973-87 subject to two redtrictions. Firg, al so-called new plants were excluded
from our sample if the cumulative capitd expenditures for the first three years of the
plant’s life were less than 75 percent of tota assets at the end of the third year. This
procedure was followed to exclude plants that, in fact, were born prior to the first year of
their recorded life or that may have had a prior incarnation and were miscoded as
completely new. Moreover, where the 75 percent criterion was not met, we did not have
sufficient information for our anaysis on invesment in the erly life of the plant. The
second redtriction involved incluson of plantsin our sample only if there were
continuous data for them.”

The resulting sample left us with a non-balanced panel of 5,979 plants with

42,194 observations for these plantsin the pooled time series cross-section for the period
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1973-96. Thus, the average interva for which we had continuous data for a plant was
roughly 7 years but ranged to a maximum of 24 years for some plants.

Assuming there were no coding errors, the fact that a plant remained in our record
for lessthan 24 yearsis attributable to one of three factors: (@) it died prior to 1996, (b) it
was dill aivein 1996 but was born after 1973 (some as late as 1987), (c) the plant was
not in the certainty sample. The third reason requires a brief explanation. The certainty
of incluson sample for inter-census years conssts of plants with 250 and more
employees plus some plants needed for adequate representation for selected product lines.

It accounts for roughly two-thirds of the total sample in the Annua Survey of

Manufactures. The remainder is sampled subject, however, to the further condition that
the compostion of this portion of the sample shdl change one year following each five-
year census.

Clearly then, factors (b) and (c) above account for most of the cases of short plant
higtoriesin our sample. That is, our data do not encompass for most plants the entire life
cycle of the plant.

Table 1 showstheratios for the sum of the capitd outlaysin thefirst three years
to totd cumulative outlays for plants with recorded histories of varying duration. For
plants with a continuous history of just seven years, the above ratio was only .65. By ten
years, theratios were .58, .51 and .63 for total capital expenditures, machinery outlays
and outlays on buildings, respectively. At twenty years the same ratios were only .31, .28

and .35.

" . Plants with only one year of missing datawere, however, retained in the sample.
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Tablel

Capita Expendituresin First Three Years
AsaFraction of Cumulative Outlays*

Rati o For
Year N T M B
3 1640 1.00 1.00 1.00
4 1032 0.94 0. 93 0.92
5 817 0. 83 0. 82 0. 84
6 549 0.78 0.74 0.77
7 359 0. 65 0.63 0. 68
8 112 0. 64 0. 59 0. 67
9 117 0. 60 0. 56 0. 60
10 100 0.58 0.51 0.63
11 138 0. 49 0.42 0.53
12 157 0.50 0. 45 0. 55
13 94 0. 43 0. 39 0.51
14 49 0. 44 0. 39 0. 43
15 145 0. 38 0. 33 0. 41
16 93 0. 46 0.42 0.50
17 41 0. 37 0.31 0. 44
18 60 0. 33 0. 26 0.42
19 50 0. 37 0.32 0. 43
20 79 0.31 0.28 0. 35
21 65 0. 36 0.31 0. 47
22 54 0. 34 0. 29 0. 47
23 137 0. 32 0. 25 0. 48
24 91 0. 32 0. 25 0. 49

Source: Longitudinal Research Data Base.

* The first column designates the number of years for which recorded data exist while N designates the
number of plantsin our sample with datalimited to the nunmber of years specified in the first column.

T stands for the total capital expenditure ratio, M for the ratio for machinery expenditures and B for the
expenditures ratio for buildings.
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There are four conclusons to be drawn from Table 1. Firdt, capita expenditures
continue at afairly high rate rdaive to aplant’sinitid sze for many years. Second, asa
plant ages, the magnitude of initiad outlays as afraction of total accumulated outlays
continues to diminish but at adiminishing rate. Third, the observed pattern appliesto
both machinery and structures though subsequent outlays are somewhat larger relative to
initia outlays for machinery than for buildings. Indeed, for buildings no further decline
in the rdaive magnitude of initia outlays is observed after the fourteenth year of a
plant’slife. In contrast, they decline until & least the twenty-third year of aplant’slife
for machinery. Fourth, for both machinery and for buildings, post-initid capita outlays
cannot possibly be explained as replacement of worn-out and physicaly decaying capital
goods. Rather they reflect either capacity expansion or replacement induced by
obsolescence since the outlays occur too early in aplant’ s life to be explained by physicd
decay.

Some further insight on the latter conclusion may be gained from looking at the
gpikesin total capita expendituresfor individud plants. For this purpose, we define a
pike as apesk in total annua capital expenditures for the plant that occursjust prior to a
declinein annua outlays. We find that the first spike occurs on the average as early as
the sixth year of aplant’slife. The second spike occurs on the average in the ninth year

and subsequent peaks continue to occur at roughly three-year intervas.

3. Empirical Modd and Estimates.
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We gtart with the investment outlays of plants as a smple function of their old
capitd stock and their age aswell asthe indugtry technology index. Thisis based on the
empiricd implications of equations (7) and (8).

10 =1 (KjnaT),

it
where | , a, K and T denote, respectively, new capitd expenditures, the plant’s age,
stock of old capital goods and the industry technology index. The subscript j identifies
the plant and t refersto chronologicd timein years.

We have shown that investment outlays are a combination of additions of capita
goods and of replacement outlays, both of which are complementary to older capita
goods. The age variable captures the adaptability of new capita to old capita goods. The
cumulative rate of obsolescence specific to the technology index increases with the age of
aplant. Thisis because new capita goods interact with old capitd goods less efficiently.
Asaplant ages, invesment outlays should show along-term downward trgectory with,
however, periodic bunching of outlays.

Technologica change, however, has adud effect as explained in Section 1 above.
While the adaptability of new capital goods to old capitd declines as a plant ages,
whether new capital consists of capacity additions or replacement, thereis an offsetting
effect for replacement outlays. That is, the cumulative change in efficiency of new
capital goods rises over time and this effect may dominate outlays on replacement for
some interva of time. Even if the path of replacement outlays dso ultimately follows a
downward trgjectory, the rate of decline should be dower than for capacity additionsto
old plants. Thus as a plant ages, replacement outlays should, &t least through aplant’s

youth and middle age, rise as afraction of total outlays reducing the rate of declinein
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investment outlays. Ultimately, however, as a plant continues to obsolesce and
gpproaches the end of its economic life, both capacity additions and replacement will
goproach zero. Thus with a simple specification of the relaionship between new and old
capital goods as plants age, equation (10) can be written as

1) 1, =F(T)e “K, .,

wherej (@) =ga; + gzan2 + g3ajt3 . With this specification, for reasons given above,
g, and g, are expected to be negative while g, should be positive while replacement
outlays are riang as afraction of total investment.

A key difference between our mode and the usua specification that explains
bunching of capital outlaysin terms of non-convex adjustment codisis thet the latter
asumes investment is independent of plant age. Our theoretica framework in Section 1
with multiple classes of capitd goods offers an dternative explanation to non convexity
in adjustment cogts for the bunching of outlays. Equation (11), however, istoo smple an
goplication of that framework to capture the recurrent spikes of investment that arise
from each plant’s specific configuration of capital goods and their associated
obsolescencerates. To the extent that our empirica modd (specified below) is partly
derived from equation (11), and to the extent that athird degree polynomid in age failsto
capture the investiment spikes unique to each plant, the resulting R will be reduced
accordingly.

To edimate our mode in its empirical specification, we introduce a measure of
the stock of old capital goods of a plant a time t, which conssts of the cumulative gross
investment streams from the birth of aplant to t- 1. Our assumptions about

complementarity between old and new capital goods imply that both capacity additions
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and replacement outlaysin t — not just replacement — will be strongly related to the stock
of cgpital goodsin t- 1. Moreover, this reaion will depend on the size of the gross
stock rather than on its net value after obsol escence has been subtracted.

For an industry technology index, we use the classification of high and low
technology based on Hadlock, Hecker and Gannon (1991).2 The technology varigbleis
equa to oneif aplant isbased in alow technology industry and two if it isbased ina
high technology industry. It will be recalled that a higher rate of technica change
reduces the adaptability of new to old capital goods and in this way has a negetive effect
on investment both for capacity additions and for replacement. This, however, isa least
partialy offset by the positive effect of technical change on the rdletive efficiency of new
capita goods and, hence, on the rate a which older capital goods are replaced. The net
effect of ahigher rate of technical change on the investment outlays of a plant for any
given gpan of time can, therefore, only be ascertained empiricaly.

A further eaboration of the modedl takes the form of two additiona control
variables, one related to plant and another to industry attributes. These consst of (@) the
initid [abor intensveness of the plant (that is, shortly after its birth) measured by theratio
of employment to the capital stock of aplant initsthird year of life and (b) rate of change

in industry demand, measured by shipments at the relevant 4-digit SIC level and lagged

oneyear. Thatis, G, = % where G gandsfor rate of growth in demand, D for

t-1

shipmentsand t for time.

8 . Industries were classified as high or low technology on the basis of the proportion of their total
employment engaged in R&D. Thiswas done at the 3-digit SIC level of detail.
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The relevance of theinitid labor intensiveness of a plant rests on the proposition
that technica change tendsto be labor saving. Hence, the larger the initid labor input,
the greater are the opportunities for replacing old with new capitad goods. The relevance
of rate of changein industry demand rests on the assumption thet when the changeis
positive and relatively high, individua plants are likely to be producing &t their
production frontier. Of course growth in the plant’s own shipments would be even more
directly related to production at the frontier but this variable, in the context of our mode,
is endogenous and, hence, ingppropriate.

We are now ready to test equation (12) below.

(12) logl, =g, +g.a; +%a,” +ga, +g,logK ,

+GN; +glogT, +g,G +u,
where | , a, K, N, T and G denote, respectively, capita expenditures, age, old capita
stock, labor intensiveness, indusiry technology index and rate of change in industry
demand. Thesubscript | referstoaplant and t refersto chronologicd timein years.
The measures of al the capitdl and industry demand variables arein 1987 dallars,
deflated with the GDP deflator in the NBER-CES Bartlesman Becker-Gray database.”

We measure capita expenditures by total capital expenditures (TCE), new
machinery expenditures (NM) or new building expenditures (NB). As a smoothing
device, and aso to minimize loss of data that results from the use of alog pecification in
conjunction with the presence of zero vaues for some annua plant capital outlays, capita
outlays were expressed as three-year moving averages centered on the relevant years.

Because the data are predominantly cross-sectiond and the pand of plantsis highly

° . http://www.nber.org/nberces.
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Table2

Reaults for Equation (12)*
Log(TCE) Log(NM) Log(NB)
All S310: S% 20 All S310: s®2 i Al s3 S3
Variables | plants plants plants 10 20

Constant -0.1390 00733 -01172: -06620 -0.7807 -11046: -21330 -1.9988 -1.8257
(338) (139 (172 (-1953) (-1658) (-17.23)} (4234 (-2191) (-1217)

Age -1.1096  -0.7877 -06887: -06990 -06711 -05491: -0.6222 -0.8886 -0.8317
(-6504) (-44.89) (-3145); (-54.44) (-4312) (-27.04); (-3304) (-29.68) (-18.89)

Age? 0099%6 00576 00512i 00577 00507 00371 00437 00642 00498
(5431) (3280) (2437)i (3974) (3042) (1784 (2024) (2068) (1147

Age® 00027 00014 -00013: -00014 -00012 -00008; -0.0010 -0.0015 -0.0009
(-4743) (-2666) (-21.65): (-31.28) (-2343) (-1335)i (-13.70) (-15.66)  (-7.49)

Log(K) 09825 09280 09479} 08603 09224 09754 06518 08319 09045
(16847) (141.09) (11346) (22057) (160.14) (12249): (97.35) (69.22) (49.02)

N 00004 00049 00067} 00002 00051 00071 00001 00059 00079
(1159) (1881  (12.06) (636) (2065 (1355)i (043) (892  (557)

T 01959 01567 00580: 02718 02494 01447 02457 02231 00484
(11.13) (8.60) (253)i (1803)  (13.78) (603)i (973 (6190  (0.88)

G 07282 06884  03465; 06016 06809 05104 01465 06115 04537

(933 (7700  (314); (928) (797) (483 (1400 (351) (L7

R 0.57 0.50 0.52 0.58 0.52 0.53 0.31 0.26 0.26

* Estimates are based on datafrom the LRD at the U.S. Bureau of the Census. Heteroskedasticity-corrected
t-values are in parentheses. The dependent variable islog of three-year centered moving average of total
capital expenditures (TCE), new machinery expenditures (NM) or new building expenditures (NB). S refers
to the number of years of continuous data for the plant. The explanatory variables K, N, T and G denote old
capital, initial labor intensiveness, industry technology index and rate of growth in industry demand,
respectively. The industry technology index variableis categorical with avalue of 2 for high technology
industries and of 1 for low technology industries. The total sample consists of 5,979 plants, 1,353 plantsfor

S3 10, 426 plantsfor S3 20.
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unbalanced, serid corrdation is most unlikely to be important and a Durbin-Watson
datistic is not shown.

The results for equation (12) are shown in Table 2 and indicate thet al the
coefficients of the explanatory variables are associated with high t-vaues and significant
at the 1% levd. In generd, they strongly support the predicted relations. Notwithstanding
the fact that our empirica model istoo smple to explain recurrent spikesin investment,
the correlaions were dl quite high for cross-section data.

The results may be summarized asfollows:

(8 The coefficient of old capitd goods is postive, highly sgnificant and closeto unity in
log specification at least for total capital expenditures and for machinery. Thisreflects
strong complementarity between old and new capita expenditures and supports the
gpecification of equation (11).

(b) The capital expenditure of plants decline with the age of plants, but not
monotonicaly. The age variable has a negative impact on the capital expenditures of
plants. Thisimplies that complementarity between old and new capital goods declines
with the age of plants. The positive coefficient of age? is consistent with predictions for
the interval that replacement rises as afraction of tota invessment. The coefficient of
age’ is significant and o has the predicted sign but the coefficient is quite low. Thisis
probably because few plantsin our sample were approaching the end of their economic
lives

(c) The indugtry technology index shows that plantsin high technology industries were
associated with more capital expenditures than those in the low technology industries.

The index was hypothesized to have a negative impact on additions of new to old capita
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Table3

Alternative Specifications of the empirica Modd*

Variables Log(TCE)
Constant -0.6634 0.0755 -0.2739
(-21.42) (2.11) (-7.06)
Age -0.7282 -1.1078 -1.2493
(-70.46) (-64.94) (-76.05)
Age’ 00735 0.0996 0.1101
(59.42) (54.27) (64.80)
Age® -0.0020 -0.0027 -0.0029
(-50.14) (-47.43) (-56.93)
Log( K) 0.9815 1.0875
(168.96) (182.05)
Log(IK) 0.8966
(192.26)
N 0.0003 0.0004
(9.91) (11.63)
Log(N) 0.2724
(65.34)
T 0.1704 0.1932
(10.30) (11.46)
T, 0.0371
(1358)
G 05170 0.7207 0.7604
(7.18) (9.17) (10.48)
R 057 057 059

* Estimates are based on datafrom the LRD at the U.S. Bureau of the Census. Heteroskedasticity-corrected
t-values are in parentheses. The Dependent variable islog of three-year centered moving average of total

capital expenditures (TCE). The explanatory variable IK denotesinitial capital. T, isthe measured

coefficient of the time variable for the equation (13). All the other variables are defined in table 2. The

sample consists of 5,979 plants.
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goods for capacity expansions and, on balance, probably a positive impact on
replacement outlays. The positive relaionship between capital expenditures and the
index suggests that the effect on replacement outlays dominates.

(d) As predicted, high labor intensiveness raised opportunities for replacement and,
thereby tota capital expenditures. The effect, as might be expected, was stronger for
meachinery than for buildings. For the latter it was ambiguous.

(e) Rate of growth in industry demand had a clear impact on capitd outlays for
machinery but not for buildings. The effect of inclusion of the variable on R was,

however, negligible.

Robustness
Equation (12), as Table 2 indicates, was estimated for various samples of plants,
i.e, dl new plants, those with continuous data for 10 years or more, and those with
continuous data for 20 years or more. While the samples differed greetly in size, the
resultsfor adl samples were very smilar.

Asafurther test of robustness, the specification of two other variables was
changed. In estimating equation (12), we measured the stock of old capital goods of a
plant a time t by the cumulative grossinvestment stream fromthebirthto t- 1. An
dternaive hypothesisisthat what is decisve istheinitid stock of capita measured by
cumulative capital expendituresin the firg three years of the plant’slife. Moreover, an
dternative measure was used to assess the rate of technical change for the industry.
Specificdly, the following specification for the industry technology index was

introduced:
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(13) Tota vaueadded = Y (Production worker hours, chronologica timein years).
Theinformation is derived from the NBER- CES BartlesmanBecker-Gray database. The
regresson is carried out with time-series data for each U.S. manufacturing industry at the
4-digit SIC level for the periods 1965-1980 and for 1981-1996. The coefficients of the
time variable were then dternative proxies (each for itstime interva) for the industry
technology index.

The results with these dternative specifications are shown in Table 3. Once
again, the results appear to be quite stable and support the previoudy reported
conclusons. Similarly, expressing the labor intensiveness measure in alog specification

changes the results very little.

4. Conclusons

We have specified a dynamic programming modd with multiple categories of
capita goods which purports to explain capital expenditures on existing plants over their
lives. The centra eement of our modd is the complementarity between old and new
capital goods.

The empirical specification of our mode, while too smple to explain recurrent
spikes in investment activity, nevertheess offers a reasonably good explanation of the
observed phenomena. Specificaly, the estimates point to (a) complementarities between
old and new capital goods as an explanation of invetment on existing plants, (b) a
negative dope to investment over time as plants age but with a diminishing rate of
decline as the fraction of total investment attributed to replacement rises, (C) a complex

relaion between the rate of technical change for an industry and plant investment activity
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with, on balance, a postive net effect of higher rates of technica change (at least through
the mid-life of aplant) and (d) a pogtive effect on future plant investment of ahigh initia
level of labor intensiveness of production.

Complementarity, which effectively raises the productivity of capital outlays on
exiding as compared with on new plants, helps explain a puzzling phenomenon.
Specificaly, why isinvestment in capital goods much larger in devel oped economies
notwithstanding the much lower price of the complementary |abor input in the less
developed economies? The usua explanation focuses on the greater availability of human
cgpitd and on the physicd infrastructure in devel oped economies. We now offer a
supplementary explanation. Old capital goods are complementary to new capital goods
much as human capitad complements physica capitd. This raises the productivity of new
investment where it can interact with existing capitd.

In much the same way, it explains an entry barrier to new firmsin mature
indudtries. The usud explanations of market entrenchment and learning by doing which
are usad to show why leading firms often retain their position for long spans of time now
can be supplemented. Firms with exigting capitd have an advantage over new entrantsin

the form of complementarity between old and new capitd.
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